A boron doped diamond (BDD) electrode was employed in an electrochemical reactor to oxidize the phenolic content of Jordanian olive mill wastewater. The BDD anode was fabricated using hot filament chemical vapor deposition on niobium and the morphology of the BDD electrode was characterized using an atomic force microscope. Then, electrolysis batch runs were carried out at laboratory scale to test the effect of different process parameters, namely, initial chemical oxygen demand (COD) load (72.9, 33.8, and 0.18 g/L), the addition of Na 2 SO 4 as supporting electrolyte, and adding NaCl along with Na 2 SO 4 , on the efficiency of the treatment process. The results were reported in terms of COD, color and turbidity removal, and pH variation. The experiments revealed that electrochemical oxidation using BDD significantly reduced the COD by 85% with no supporting electrolytes. It was observed that adding Na 2 SO 4 with NaCl brought the COD removal to higher than 90% after 7 hours of treatment for COD loads of 72.9 and 33.8 g/L, and after 2 hours for a COD load of 0.18 g/L. Likewise, color was completely removed regardless of the initial COD load. The turbidity for samples with 72.9 and 33.8 g/L as COD load reached a minimal value of 2.5 and 1 NTU respectively.
INTRODUCTION
During the last century after the industrial revolution, a large amount of industrial wastewater was discharged into rivers, lakes, soils and coastal areas. Industrial water effluents include water for purposes such as processing, washing, extraction, and cooling in facilities that manufacture products (Hanchang ) . Among these effluents was olive mill wastewater (OMW), which is a liquid by-product generated during olive fruit pressing and processing to extract olive oil. OMW consists of water (80-83%), organic compounds (15-18%), and 2% of inorganic compounds (Chatzisymeon et al. ) . 
MATERIALS AND METHODS

Experimental setup
The BDD electrode consists of two expanded identical and parallel pure niobium circular grids (facilitating the gas bubble flow) separated by 2 mm, having a thickness of 2.8 mm and a diameter of 90 mm (total area of 65 cm 2 per electrode). The electrodes were prepared by hot filament chemical vapor deposition on niobium substrates, which were pretreated by sand blasting to roughen the surface in order to enhance the adhesion strength between the diamond and the substrate as well as to increase the electrochemical performance due to the increase in surface area. The niobium substrates were cleaned twice in ethanol and seeded with diamond powder using an ultrasonic device. The coating process took place in a CVD hot filament coating machine by two parallel filament rows, and the film thickness was measured (8 μm). In order to enhance the doped diamond conductivity, a mixture of CH 4 (1%) and a small amount of B(OCH 3 ) 3 were used in the coating process. All the chemical reactions were carried out under galvanostatic conditions, and the characteristic parameters of the diamond films were performed using an atomic force microscope (AFM).
A laboratory-scale electrochemical reactor ( Figure 1) was made of Plexiglas with a 1,000 cm 3 capacity to treat OMW. A standard DC power supply was used as the source of electric current for the experiments, and the voltage fluctuations during the reaction were automatically monitored using a digital multimeter. The working electric current was fixed at a constant 3 A. The temperature of the electrolysis reactor was kept constant at room temperature by using an agitated water bath.
Samples were drawn periodically in sealed and clean 20 mL glass vials and analyzed immediately afterwards. The treatment process was tested in terms of COD, color, turbidity removal, and pH variation through the electrolysis time.
OMW samples
Three different raw OMW samples (A, B, and C) were collected in sealable metal containers from the northern part of Jordan (Irbid) during the olive fruit harvesting season of the year 2014 and stored at 4 W C. Sample A is the milling wastewater, Sample B is the mixture of olive washing and milling wastewater, and sample C is the washing wastewater. Due to the high content of total suspended solids, the three samples were filtered using a medium crystalline filter paper and then they were centrifuged for 60 minutes at 6,000 rpm. The measurements were repeated to improve averaging. The main physiochemical properties of the three samples prior to and after filtration processes are given in Table 1 .
The tested samples were prepared in 1 L volume, and divided into three groups as follows: the first group was the original samples A, B, and C; the second group were A, B, and C samples mixed with Na 2 SO 4 as a supporting electrolyte; and the third group were A, B, and C with Na 2 SO 4 /NaCl electrolyte.
Chemicals and analytical methods
Sodium sulfate Na 2 SO 4 (Sigma Aldrich) was used as a supporting electrolyte with a concentration of 0.71% w/v and NaCl (0.06% w/v) (Sigma Aldrich) as a second supporting electrolyte mixed with OMW.
The COD, conductivity, turbidity, pH and absorbance of the samples were investigated and recorded for analysis and comparison.
The pH and conductivity of the samples were measured using a digital calibrated Jenway 3,540 pH/conductivity meter. 
Absorbance
The dark color density of OMW samples is an indicator of the polymeric phenolic compounds' concentration, which is responsible for their dark colors. The discoloration during the treatment process could be measured in terms of absorbance, which was measured during electrolysis time at 450 nm with a Wagtech 7100 photometer.
RESULTS AND DISCUSSION
Properties of BDD electrode
The BDD surface was investigated using the AFM technique and characterized by root mean square roughness and average grain size. of organic pollutants is a key factor that affects, to a great degree, the efficiency of OMW electrolysis.
Obviously, the maximum absorbance reduction was obtained with the least polluted sample, which is sample C. On the other side, the minimum absorbance removal was observed with sample A. This could be attributed to the fact that sample A is heavily polluted, which means implicitly that it contains a higher concentration of phenolic compounds.
COD reduction during electrolysis
In order to verify if the absorbance reduction of the three samples is concomitant with COD removal, the COD reduction was measured against time, as depicted in 
Turbidity variation during electrolysis
Turbidity was also monitored during the process time. For both samples A and B, the turbidity had a tendency to decrease with time as shown in Figure 6 and it reached values of 10 and 3.6 NTU, respectively. This trend could be justified by the oxidative polymerization of the phenols and tannins originally present in OMW (Assas et al. ).
However, for sample C, the turbidity fluctuated around an average value of 25 NTU. This instability in turbidity readings could be justified by the formation of small oily micelles in sample C, as it has the lowest oil content (Yang ).
pH variation during electrolysis Figure 7 shows the pH variation during electrolysis. The pH increase observed during OMW electrolysis is a proof of the formation of OH À . Unbalanced OH À and H þ formation takes place due to the hydrogen evolution reaction and oxygen evolution reaction occurring at the 
COD reduction during electrolysis
The effect of adding supporting electrolyte on the COD removal % was examined for the three types of OMW A, B, and C. Figure 9 (a)-9(c) show the COD removal % 
Turbidity variation during electrolysis
The impact of the electrolyte type on the turbidity of the three samples (A, B, and C) is shown in Figure 10 
CONCLUSIONS
The electrochemical treatment of OMW has been investigated using BDD anodes. This method was an efficient and promising technology for OMW treatment even with no supporting electrolyte. Further enhancement in the electrochemical treatment was gained once a combination of two electrolytes, Na 2 SO 4 and NaCl, was added. This combination of electrolytes was efficient to reach a COD removal higher than 90% after 7 hours of treatment time for samples A and B and 2 hours for sample C. In addition, the dark color of the OMW was completely removed and the three samples turned transparent at the end of the electrolysis.
The turbidity of the three samples was also strongly affected by the addition of Na 2 SO 4 and NaCl electrolytes. The turbidity of samples A, B, and C reached minimal values (2.5, 1, and 8 NTU) when both Na 2 SO 4 and NaCl electrolytes were added.
